ABSTRACT Fan tonal noise is currently supposed to be mainly caused by the interaction of fan-blade wakes with Outlet Guide Vanes and by the shocks in transonic regimes. Evolution of aircraft engines towards Ultra High Bypass Ratio architectures may affect this noise with the additional distortion coming from the shortened and asymmetric air inlets. The influence of this distortion is studied here by means of simulations based on the Unsteady ReynoldsAveraged Navier-Stokes equations. The results show that the asymmetric air inlet is responsible for a multiplication of the distortion level by four to six and for a deformation of fan-blade wakes. A filtering consisting in eliminating the flow patterns convected with the flow is achieved to extract only the acoustic fluctuations from the simulations. Acoustic power estimations are made and allow for evaluating the acoustic penalty induced by air inlet distortion.
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INTRODUCTION
Fuel consumption and noise reduction leads to the evolution of aircraft engines towards Ultra High Bypass Ratio (UHBR) architectures. To limit the weight of these engines, the nacelles are designed as compact as possible and are characterized by short air inlet ducts. At acoustic operating conditions (take-off or landing), the incidence of the incoming flow and the asymmetry of the inlet are responsible for a flow inhomogeneity, called distortion, at the entrance of the engine. Since the air inlet duct is short, this distortion cannot be sufficiently damped before reaching the fan so it will interact with its blades and create acoustic sources (Peake and Parry, 2012) . Most fan-noise studies (Tyler and Sofrin, 1962 / de Laborderie and Moreau, 2016) consider that the fan tonal noise is dominated by the interaction of fan-blade wakes with the Outlet Guide Vanes (OGVs) which radiates at the Blade Passing Frequency (BPF) and its harmonics. The shock noise mechanism, radiating at the Rotational Frequency (RF) and its harmonics is also accounted for in transonic regimes (Envia et al., 2013) . Usually, the sources due to the interaction of distortion with fan blades which radiate at the BPF and its harmonics are neglected. For UHBR engines, their contribution should be studied given the high level of distortion that will be encountered (Oishi et al., 2013) .
The acoustic radiation of the fan can be evaluated thanks to two kind of approaches: the hybrid methods and the direct methods. In hybrid methods, the source generation and the noise propagation steps are separated and solved successively (Lighthill, 1952) . As for direct approaches, these two steps are considered at once. The fluctuations propagated by the sources are directly extracted from a Computational Fluid Dynamics (CFD) simulation and are used to evaluate the acoustic power. Thus, no assumption on the flow or on the geometry is made (Rumsey et al., 1998). However, a preliminary challenging step consisting in splitting the acoustics and the rest of the unsteady flow field is required (Ovenden and Rienstra, 2004 / Bonneau et al., 2015) . In addition, direct methods are very expensive since they require mesh refinement and numerical discretization schemes able to propagate the acoustic waves in the whole domain correctly. The study using hybrid methods has already been done at a high subsonic regime and has shown an important influence of the distortion on the fan tonal noise (Daroukh et al., 2016) . Acoustic results were obtained by coupling CFD simulations with Goldstein's analogy (1976) . The idea in this paper is to make as few assumptions as possible by using the direct approach. The filtering is achieved by eliminating the fluctuations that are convected with the mean flow and the acoustic power is evaluated thanks to Cantrell and Hart's formulation (1964) . The originality of the study proposed here is to account for all the fan tonal noise sources at once by performing a URANS simulation of a whole fan module, to be able to evaluate the acoustic contribution of the distortion in a realistic aircraft engine.
ENGINE MODEL Geometry
The engine studied in this paper is a typical turbofan, represented in its meridional view in Fig. 1(a) . It is composed of an air inlet duct, a fan, Inlet Guide Vanes (IGVs) and OGVs. The fan has 18 identical blades and there are 93 identical IGVs and 48 non-identical OGVs, including two structural bifurcations (at 6 and 12 o'clock) and two struts (at 3 and 9 o'clock) as illustrated in Fig. 1(b) . Two different geometries of air inlet duct are considered in this paper. The first o ne i s p erfectly a xisymmetric a nd t hus d oes n ot p roduce a ny d istortion. T he other one is asymmetric and has been designed for the purpose of the study to generate a level of distortion typical of the ones expected for 2020-2025 UHBR engines. Fig. 1(c) 
Operating points
Three regimes corresponding to the three acoustic certification points defined by the International Civil Aviation Organization (2005) are studied in this paper. Some characteristics are given in Tab. 1. The sideline regime has a relative Mach number above one and is then the only regime in which shocks will appear. (Cambier et al., 2013 ) based on a cell-centered finite volume approach on a structured multi-block grid is used in this study to solve the URANS equations. The k − ω turbulence model by Wilcox (1988) is adopted and Zheng's limiter is used to reduce the dependency to inlet turbulence (Zheng et al., 1997) . Spatial discretization is done with Roe's scheme (third order accuracy) and the implicit backward Euler scheme with Dual Time
Step (DTS) sub-iteration algorithm is used for the temporal one (second order accuracy). One blade passage is described by 100 time steps, leading to a total of 1800 time steps per rotation. A uniform flow is specified at the inlet, a massflow is imposed at the exit of the primary flux (downstream of the IGVs) and a pressure condition is used at the exit of the secondary flux (downstream of the OGVs). This pressure condition satisfies the radial equilibrium and a valve law adjusts the value of pressure at a specified point during the iterations to be as close as pos-sible to a targetted operating point (massflow and mean pressure). All the walls are considered as adiabatic and sliding non-conformal interfaces are used between the rotating parts (fan) and the fixed parts (air inlet, IGVs and OGVs).
Mesh
The mesh is achieved with a O4H topology for each blade/vane and a C topology for the splitter nozzle (which separates primary and secondary fluxes). A butterfly topology is adopted in the air inlet to account for the cylindrical domain. Stretching zones have been added at the inlet and the outlets of the domain to avoid wave reflections at the boundaries. The same strategy was successfully employed by Bonneau et al. (2015) and one-dimensional test cases have validated the parameters used for the stretching (i.e. expansion ratio and final cell size). The results presented in this paper are obtained with meshes composed of 70 millions of points, with approximately 100 and 900 points in the radial and azimuthal directions respectively. The maximum size of the cells in the axial direction is such that there are least 20 points per wavelength for acoustic waves propagating upstream and 50 points per wavelength for acoustic waves propagating downstream at the BPF.
Convergence
Convergence is considered as reached when the fan-blade forces and the OGV forces at the frequencies of interest reach a plateau, since they are representative of the acoustic sources. During the simulations, the secondary flux outlet pressure has been adjusted by changing the valve coefficient in order to be as close as possible to the experimental operating line. This procedure has led to different outlet pressures between the axisymmetric and the asymmetric cases but the priority was to have similar operating points (in terms of massflow and total pressure ratio). For each configuration, approximately ten rotations are needed after the last adjustment of the valve coefficient to reach convergence. One simulation is performed over 600 processors and lasts 200 hours (120 000 hours in total).
The convergence curves are shown here for the axisymmetric cutback configuration as an example. The evolution of the harmonic force of one fan blade and one OGV are shown in Fig.  2 . The RF is represented for the fan (left) to highlight the interaction with the distortion. For the OGV (right), the BPF, illustrating the interaction with the fan-blade wakes, is chosen. The results have been normalized by the converged values of the corresponding mean force. Both the RF harmonic of fan-blade force and the BPF harmonic of OGV force reach a plateau after 10 rotations, which ensures the acoustic convergence. Even if it is not shown here for conciseness purposes, the convergence of the harmonic force of all other blades and vanes has been checked. Since all fan blades are identical and interact with the same distortion, the amplitudes of their harmonic force all reach the same value. However, the heterogeneity of the OGV row and the presence of distortion is responsible for different harmonic force amplitudes from one vane to another. Acoustic prediction Power estimation Acoustic power is used to quantify the noise emitted by the engine since it has the conservation property. It is almost impossible to perform a CFD simulation up to the far-field microphones to estimate this quantity in a region out of flow. Therefore, the acoustic power is often evaluated inside the turbojet engine. An expression valid in the presence of a flow must then be used. We choose here to use Cantrell and Hart's formulation (1964) which is the most general power formulation respecting the conservation property. It is valid for irrotational and isentropic flows. If we additionally assume that the flow is essentially axial, the acoustic intensity I(x, t) at point x and at time t is written as:
where the pressure fluctuations p and the axial velocity fluctuations u are time-dependent and where the axial Mach number M 0 , the density ρ 0 and the speed of sound c 0 are time-averaged. In the context of fan tonal noise prediction, all the time-dependent quantities can be considered as periodic with a period T = 2π/Ω where Ω is the rotational speed of the fan. By writing p n and u n the n th harmonic of the pressure and the axial velocity fluctuations respectively, the intensity I n (x) carried out by the n th harmonic at point x can be shown to reduce to:
Acoustic power is then simply obtained by integrating the intensity over a cross-section of the duct. In general, half of the real part of Eq. (2) is taken to account only for the cut-on modes. In this study, the cut-off modes have also to be considered at the inlet since they can contribute to the far-field noise if the inlet duct is not long enough. This is why the amplitude of Eq. (2) will be used in the remainder of the paper. Through these expressions, it is clear that acoustic fluctuations must be precisely captured to have a good estimation of the acoustic power. However, these fluctuations are mixed with vorticity and entropy ones in the regions close to the sources and a filtering operation must be made.
Filtering of the convected fluctuations
The filtering procedure chosen here is based on the fact that both vorticity and entropy fluctuations are convected with the flow. In a canonical one-dimensional case, if the mean flow velocity is U 0 and the mean speed of sound is c 0 , then these fluctuations will be convected at the speed U 0 while the acoustic fluctuations will be propagated at U 0 ± c 0 (+ for the downstream propagation and − for the upstream one). In our simulations, not only the plane mode is present and the mean flow is not purely axial. Other modes will be present and will be propagating at a speed depending on their order. Even if it is not absolutely true, the vorticity and entropy fluctuations will still be considered as convected at the mean axial speed of the flow U 0 . In order to eliminate the part of the fluctuations that are convected with the flow, a temporal Discrete Fourier Transform (DFT) is computed in all the regions of interest (upstream of the fan, in the fan-OGVs interstage and downstream of the OGVs). The solution is interpolated on a Cartesian grid in order to follow the fluctuations over axial lines for each point (r, θ) of the cross-section. A Dynamic Mode Decomposition (DMD) is then performed on each line to detect the amplitude related to the convection wavenumber λ c = U 0 /f where f is the frequency. Each line is then reconstructed by accounting for all the modes except the one related to the convection.
The axisymmetric cutback configuration is again chosen as an illustration. The axial evolution of the real part of the pressure at the BPF extracted close to the hub downstream of the OGVs is shown in Fig. 3(a) . The axial position is normalized by the downstream acoustic wavelength and the pressure amplitude by an arbitrary value. The validity of the DMD is checked by reconstructing the signal from all the modes found. The latter fits well the initial signal which gives credits to the decomposition. The filtered signal is then obtained in the same way except that the mode corresponding to the convection wavelength is not accounted for. This signal no longer contains the fast variation of pressure that were convected with the flow. The influence of the filtering on the acoustic power is now studied. The latter is evaluated at different axial positions by integrating Cantrell and Hart's formula. Its evolution is represented in Fig. 3(b) . It is then re-evaluated thanks to the reconstructed and the filtered signal. The acoustic power is not altered by the filtering upstream of the fan since there is no convected fluctuations in this region. Downstream of the OGVs, the filtering has a huge influence with a decrease of almost 15 dB for this configuration. Important vorticity fluctuations caused by the OGV wakes were dominating the unsteady field and had to be filtered to allow for power predictions. A strange behavior can be observed near the trailing edge of the OGVs and near the outlet plane and is due to the decomposition method which detects artificial modes with very high amplification coefficients. The values of acoustic power obtained in these regions are therefore incorrect.
RESULTS
Basic flow patterns A basic flow analysis is given here to present the main flow patterns. An isosurface of the Qcriterion colored by the vorticity modulus is represented in Fig. 4 Quantification of the distortion Since the distortion is stationary, it will interact with the fan rotating blades and will then be responsible for unsteady blade loadings. The intensity of this distortion is quantified here by calculating the Circumferential Distortion Coefficient (CDC) at different axial positions x for a constant vane height h/H through the formula:
where
are the azimuthal maximum, minimum and mean values of the axial Mach number at position (x, h/H) respectively. This coefficient, normalized by its maximum value, is plotted in Fig. 6 for all regimes and for both air inlet geometries along the machine rotational axis at 95% of vane height. The previous observations are confirmed here, with an important distortion coming from the structural bifurcations. The asymmetry of the air inlet has an important influence on the distortion in the fan-blade tip region, where the CDC is four to six times higher than in the axisymmetric case depending on the regime. It also introduces a significant additional distortion upstream of the OGVs for all regimes. This is an evidence that the air inlet distortion has an effect on the flow downstream of the fan. Similar analysis has been performed to study the radial variation of the distortion. It is not detailed here for conciseness reasons but it showed that the disortion coming from the pylon potential effect is quite constant over the radius while the air inlet distortion is essentially dominant close to the hub and the shroud.
Impact on fan-blade wakes
Since the air inlet asymmetry has an influence on the distortion level upstream of the OGVs, the shape of fan-blade wakes may be altered. In such a case, the sources caused by the interaction of these wakes with the OGVs will be modified. In order to check it, the temporal evolution over one sixth of a rotation of the normalized axial velocity deficit extracted at two probe locations is plotted for all configurations in Fig. 7 . The probes are located midway between the fan and the OGV, at 95% of vane height. They correspond to two azimuthal positions θ 1 and θ 2 that are spaced by 2π/3 (equivalent to the space between six blades) so that they are supposed to see the passage of fan-blade wakes at the same time. The effect of distortion on the shape of the wakes is dramatic. Even in the axisymmetric configurations, the potential disturbance of the pylon causes differences in the velocity deficit between the two azimuthal positions, with a maximum rise of 40% at sideline. The additional distortion coming from the asymmetric air inlet is responsible for a deviation of the peaks and strongly modifies the velocity deficits (ratio greater than two at cutback).
Acoustic distortion penalty
The acoustic penalty at the BPF is evaluated by making the difference between the filtered power obtained with the asymmetric air inlet and the one obtained with the axisymmetric air inlet. Its axial evolution is plotted for all regimes in Fig. 8 . A positive value means that the noise emitted with the asymmetric air inlet is greater. The penalties downstream of the OGVs are very small for all regimes. This behavior was not expected since the excitation of the different noise mechanisms (shape of the wakes and level of distortion) are impacted by the air inlet asymmetry. This may be an indication that the filtering procedure does not work as desired. Upstream of the fan, the results vary with the regime and an explanation is given below.
The total acoustic power computed upstream of the fan is plotted in Fig. 9 for the axisymmetric inlet geometry at approach and sideline conditions. The cutback regime is not represented here for sake of brevity. The power which is due to the rotor-locked mode (m = 18 at the BPF since the fan has 18 blades) is also plotted to estimate its contribution. It has been estimated by performing an azimuthal DFT, selecting the rotor-locked mode only, reconstructing the field by an inverse DFT, and computing the resulting power using Cantrell and Hart's for- θ = θ 1 / axisymmetric geometry, θ = θ 2 / axisymmetric geometry, θ = θ 1 / asymmetric geometry, θ = θ 2 / asymmetric geometry mulation. The rotor-locked mode, which is due to steady loadings on the blades and thus does not depend on the level of distortion, is known to be the dominant mode in the fan region. In transonic regimes, this mode is propagative so it dominates all the modes even far from the fan. That is why the upstream penalty is close to zero for the sideline regime. In subsonic regimes, the rotor-locked mode is evanescent and other modes dominate after some distance to the fan. These other modes can be influenced by the distortion so an acoustic penalty is expected. This is observed for the approach regime where the penalty becomes huge (around 4 dB) as soon as the rotor-locked mode becomes negligible. The interpretation of the results at cutback conditions is less evident, since it is a high subsonic regime. The rotor-locked mode is not completly cut-off at the entrance of the engine because of the reduced length of upstream propagation. These observations lead to the question of the evanescence of cut-off modes in UHBR engines. Since these engines will be equipped with short air inlets, the cut-off modes may also contribute to the acoustic power. 
CONCLUSIONS
The influence of distortion on the fan tonal noise has been investigated in this paper. Usually this noise is supposed to be dominated by the interaction of fan-blade wakes with the OGVs. However this may not be the case anymore in UHBR engines, in which the pylon is integrated in the OGVs and where the air inlet duct is shortened as much as possible. These two evolutions are responsible for a distortion which interacts with the fan and creates acoustic sources on its blades. In order to evaluate the acoustic impact of this distortion, two geometries of a complete fan module have been studied for the first time. The model not only includes an air inlet (axisymmetric for one case and asymmetric for the other) and a fan but also IGVs and heterogeneous OGVs including struts and bifurcations. A low subsonic, a high subsonic and a transonic regime have been simulated. It has been shown that the distortion due to the potential effect of the bifurcations is maximum in the OGVs region and decreases while propagating towards the fan. The additional distortion of the asymmetric air inlet has a main effect in the fan-tip region, where the distortion index has been multiplied by four to six depending on the regime. Moreover, it also modifies the shape of the wakes around the fan tip for all regimes. The unsteady loadings on fan blades and on OGVs are thus altered which leads to a modification of acoustic sources.
Direct acoustic predictions from filtered acoustic power have shown a small penalty (less than 1 dB) in the downstream direction for all regimes. This behavior was not expected and might be due to the filtering procedure. Investigations will be carried out by implementing a new filtering method (Wohlbrandt et al., 2016) . At approach conditions, the upstream penalty is large (around 4 dB!). For cutback and sideline regimes, the penalty is not significant because of the dominant rotor-locked mode. This mode, which is not caused by the distortion, is cut-on for the sideline regime, and evanescent for the cutback one. The length of the duct upstream of the fan seems to be too small to make this cut-off mode negligible. The question of the contribution of evanescent modes in short air inlets is thus raised.
